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Applications Guide - Introduction
This guide describes the Frequency Domain Interferometer (FDI) as developed
during the performance of National Aeronautics and Space Administration Contracts
NAS 7-367 and NAS 7-544, phases I and II. The course of the development has been
detailed in the progress reports and final reports of those contracts. A large
number of instrument designs and inspection techniques were investigated.
Naturally, these efforts met with varying degrees of success, as has been reported.
This applications guide contains descriptions of the equipment and tech-
niques which were successful enough to be recommended to the nondestructive test
engineer as practical solutions to his inspection problems. A mathematical
analysis of the FDI signal analyzer operation is presented in the appendix.
With this exception, the theory is kept as simple as is possible. No particular
familiarity with microwave technology is really required, although the user will
no doubt desire some understanding of the operation of the basic waveguide
components. References 1 or 2 will cover the subject adequately.
The interaction of microwaves with defects, and the design of special
lenses and antennas can become rather complicated. This is basically optics,
and most books on microwaves do not deal with propagation through solids except
in the case of dielectrics used as parts of microwave instruments. The propa-
gation of essentially unbounded waves through solids is uncommon in radar and
communications, the most familiar uses of microwaves. Of course the equations
of optics, derived for visible light are perfectly valid for microwaves IF THEY
ARE EXACT. Unfortunately some of the simplifying assumptions valid for visible-
light wavelengths may not be valid for centimeter waves. Nevertheless a good
r
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optics text, such as Reference 3 will be extremely useful, and the wide variety
of optical devices described in detail there can furnish many good ideas, as a
great number of optical devices have micr wave equivalents. In any case, the
sort of calculations shown here served for planning several successful applica-
tions, and will doubtless serve for others provided it is understood that they
are intended only for engineering estimates.
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T.	 THE FREQUENCY DOMAIN INTERFEROMETER
The name frequency domain interferometer is derived from the similarity
of the FDI to the optical Michelson Interferometer. Both instruments depend
upon the same basic principle. A beam of electromagnetic waves is split with
one part sent to a specimen and back, the other sent down a reference path.
When the two are superimposed, the resulting interference pattern depends upon
the difference bet-een the two paths. It is the phase and amplitude which are
measured in this way, and the differences among the various types of interfer-
ometer are principally differences in the way in which some other variable is
introduced. Consider for example the Michelson Interferometer in Figure 1.
Figure 2 shows a microwave equivalent. The optical version generally does
not have a single ray as in Figure 1 where the field would vary from bright to
dark as the path difference changed. After X /2 travel, the indication of M2
position would become ambiguous since the path differences of ^/2 and 0 produce
the same result.
With the optical interferometer, this is overcome by using an extended
source, for example, by placing a diffusing screen between the light source and
the interferometer. This gives a finite angular field of view, and causes rays
to traverse the path difference d at different angles (Figure 3).
It can be shown (Reference 3) that the condition for a bright fringe is
mX = 2 d sin 6
	 (eq 1)
Note that in the system of Figure 1 and eq 1 one cannot tell from the pattern
seen what the value of the integer m is. With circular fringes, one can see
fringes for many values of m without moving the target. With the one dimensional
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beam it is necessary to move the target and note the travel required to change
the field from bright -to dark. Motion can be measured in this way, but absolute
position cannot be determined. With circular fringes one can measure absolute
distance since for greater d the fringes are more closely spaced.
The microwave interferometer cannot do the same thing. The beam in the
waveguide is inherently one dimensional. and there is no satisfactory way of
forming an image of the fringes. The difference between path GM 1D and path
GM2D is ambiguously indicated. Since a two dimensional beam is not possible,
the ambiguity is resolved by making measurements at several frequencies. A
maximum at detector D occurs whenever the path difference is an odd number of
quarter wavelengths. A plot of detector output vs frequency looks like
Figure 4 for a single reflector. The spacing d of the maxima indicates the path
difference.
In the FDI the sweep is made very rapid, and the curve of Figure 4 is
obtained as a video signal. This allows frequency spectrum analysis to replace
measuring the distance between the maxima on curves like Figure 4, and accounts
for the n.-me.
In order to obtain the video signal just described, it is necessary to
have the basic waveguide interferometer elements i.e., a detector must simulta-
neously receive signals which have a common source, and which have traversed
paths of different lengths. A second requirement is that these signals must,
at the detector, be swept across the frequency band at a constant rate. It this
is done, there results for each path length a single frequency component at the
detector output. Figure 5a shows the arrangement.
Page 5
T
5a.) R
I
f Max. —
1.
5b.)
f
frequency	 F•
f Min.
TIME
FIGURE I-5
FREQUENCY DOMAIN INTERFEROMETER
Page 7
Signals traveling path STRTD travel farther than those traveling path STD,
call this distance Ad. The extra time required is A t = do . Figure 5b shows the
signals superimposed at the detector, one slightly delayed in time. Throughout
the sweep, these two differ, by a constant frequency Af - df A t m df Ad so thatdt	 dt	 c
Ad = c Af df = cons t. Af. Now Af is the frequency of the detector output since
the output contains only the beat frequencies and does not pass the microwave
signals. Thus a spectrum analysis of the detected signal can be interpreted as
reflected signal strength vs reflector distance. Figure 6 shows in block form
how the signal is analyzed. Figure 7 shows the various signals and is coded;
A. SWEEP SAWTOGTH SWEEPS CHOPPER DRIVE FREQUENCY AND HORIZONTAL AXIS OF
DISPLAY CRT.
B. MICROWAVE FREQUENCY
C. COMMAND PULSE "SAMPLE AND HOLD", "STOP CHOPPER"
D. COMMAND PULSE "DISCHARGE INTEGRATOR"
E. COMMAND PULSE "START CHOPPER". THE VARIABLE DELAY IS SET BY PHASE CONTROL.
F. DETECTED MICROWAVE SIGNAL
G. CROPPER DRIVE. DURING ANY TART OF CYCLE CHOPPER PASSES DETECTED MICROWAVE
SIGNAL. THE CHOPPER DRIVE. SIGNAL REVERTS TO ITS NEGATIVE STATE UPON
RECEIVING COMMAND PULSE "STOP CHOPPER".
H. CHOPPED DETECTED MICROWAVE SIGNAL.
I. INTEGRATED SIGNAL THE TIME INTEGRAL OF H.
J. OUTPUT OF THE SAMPLE AND HOLD CIRCUIT - THIS I" THE SIGNAL DISPLAYED ON
THE VERTICAL AXIS OF THE CRT.
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The Microwave Sweep Generator generates the fundamental interval for system
operation. Its output sweeps the microwave frequency of the BWO, and from it
are generated command pulses which synchronize the system. As the microwave
sweep starts, a chopper drive is also started. This is a square wave of about
the same frequency as the detected signal. The chopper drive runs during the
microwave sweep only, its frequency and starting phase are controlled. The
chopper drive and detected signal are fed to the chopper bridge which acts as
a fast switch going on and off at the chopper drive frequency. During the on
periods its output is the value of the detected signal, during its cuff period
it is zero. If the chopper drive frequency is the same as the detected signal
frequency the value during each on period will be the same. Thus the result of
integrating or adding up all the on periods will be a positive or negative
voltage. If the frequencies are different, the average will approach zero, if
there are many cycles. In practice 20 cycles will give fair results, 50-100
being usual. Sweeping the chopper drive frequency produces a depth scan. The
chopper drive frequency must, of course change slowly so that it does not change
significantly during a single microwave sweep. The chopped signal then goes to
the integrator,, The integral builds to its final value at the end of the micro-
wave sweep. The Sample-and-hold circuit then receives a command pulse causing
it to sample the final value of the integral. This {.s passed on to the display,
and another command pulse then discharges the integrator so that it is prepared
for the next microwave sweep. The dispaly is produ%ed by placing the sample-
and-hold circuit output on the X axis of a CRT, and the chopper drive sweep
sawtooth on the X axis. A typical display resulting from a single reflecting
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target is shown in Figure 8. Each dot is produced by one microwave sweep. The
curve formed is of the form 
sinx 
and is known as the cross correlation function
of the detected signal and the chopper drive. The horizontal scale in Figure 8
may be interpreted as target range, the vertical one as reflected signal amplitude
thus the display is similar to that produced by radars and sonars, or by pulse-
echo ultrasonic testers. A more elaborate mathematical treatment is found in
the appendix. Users will find the qualitative description given here adequate
for routine use of the FDI. The important thing is that one should understand
the function of the various controls, which are described below.
SWEEP SAWTOOTH CONTROLS
Mange - this control sets the starting voltage of the sweep sawtooth used
to sweep the chopper drive frequency. Its effec •:t is to determine the minimum
target range represented by the display.
Depth-of-Field - this control sets the amplitude of the sweep sawtooth and
has the effect of determining the distance between the minimum and maximum target
range represented by the display.
Sweep Rate - this controls the repetition rate of the sawtooth, and hence
the horizontal sweep rate of the display oscilloscope.
Manual. Scan Potentiometer and Manual/Auto Depth Scan Selector Switch -
The switch .elects either the sweep sawtooth or the manual scan potentiometer to
provide the control voltage for the chopper drive and horizontal axis of the
display oscilloscope. In "Auto" the operation is as previously described; in
manual the display is a do signal, a dot on the oscilloscope which the operator
can cause to trace the curve by turning the manual scan potentiometer. The
Page 13
.
n,1	 ^.	 z, ....^
manual scan mode is the one used for making, C-scan recordings of a part, since
the do output is easily recorded as the probe moves over the specimen. This
mode allows measurement of the reflections from a single depth. For hand probing
a galvanometer readout may be used.
CHOPPER DRIVE CONTROL
Phase - the phase control selects the scarting phase of the chopper drive.
The relative phase of the detected signal and chopper drive has an important
effect on the display form. Figure 9 shows the effect of this control. The
relative phase will also depend upon the target range. Motion of the target
through 1/2a (a round trip) will cause the display form to go through the sequence
of forms shown above*. The Symbol, *, marks the point which is taken as the
indicated target range. It does not change as the phase control is adjusted so
that any target indication may Le charted to thr, desired display form without
introducing; range errors. The phase control may be calibrated and will then
serve as a fine range indication. Coarse range indication is by means of the
horizontal position on the display oscilloscope.
Signal Amplifier Cain - this is used to increase or reduce the signal
strength for convenience, and to avoid saturating the signal analyzer. If the
gain of this amplifier can be reliably calibrated, it can be used to measure the
strength of the reflected signals from the specimen.
This concludes the description of the FDI with the cross correlation signal
analyzer. There is an alternate mode of operation, useful in some cases, which
employs more familiar circuitry.
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Ph zse Insensitive Mode
It may be inconvenient to have the form of the dicplay change with target
range. In such cases, a phase insensitive display c•an be obtained. If the
integrator fs ieplaced by a resonant. circuit and detector /integrator. *h phase
information is lost. Now during the microwave sv :°a,s the unit works as does a
super heterodyne receiver. The oscillation in the resonant circuit will build up
to some value, and then because of the Q will riTTY, for some time after the end of
the sweep. This ringing is detected, and then sampled at the same time as the
integrated signal. was sampled in the phase sensitive mode, and then damped to zero
by the pulse which discharged the integrator in the phase sensii.ive mode.
The difference is that the integral of the chopped signal can be either
positive or negative, whereas the phase insensitive mode does not sample this
integral. Instead, the resonant circuit responds to the lower sideband formed by
the mixing of the chopper drive frequency and the detected microwave signal
frequency. When the difference between chopper drive the detected microwave signal
frequencies is equal to t[le natural frequency of the resonant circuit, the 088 i1-
lation in the latter will be a maximum. The detector/integrator extracts the
envelope (amplitude) of this oscillation and passes it to the sample and hold
circuit. The amplitude of an oscillation can never be negative, and thus the
phase information is lost, being contained in the carrier, not the enve'.op-.
The phase insensitive mode gives a display in which all target indications
have the same form regardless of the range. This display is easier to interpret,
but has lost some information. Figure 10 shows the corm of the phase insensitive
display.
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II.	 THE WAVEGUIDE PROBE
The waveguide probe includes the Backward Wave Oscillator (BWO) which
generates the microwave signals, and the waveguide components. The backward
wave oscillators are, stri.ctly speaking part of the microwave sweep generator.
Commercial units are available which serve the purpose very well, especially
the E-•H laboratories 560 series sweep generators. These are generally modified
by removing the BWO from the :.abinet and putting it on the end of a cable. The
BWO can be connected to the probe proper by flexible waveguide, or rigidly
mounted on the probe. In the latter case the use of miniature BWO's such as
the Varian series 400 is to be recommended in order to reduce weight. Figures 2
and 3 show some examples of the basic probe configuration. This is a probe which
has good performance and is convenient in use. For hand-held operation it is the
obvious choice.
The waveguide system performs the basic interferometer purpose of
splitting a coherent beam, sending it along two paths, and recombining the two
beams. At the detector, many of these functions can be combined. Figure 1
shows the simplest system. There is actually no beam splitting, the outgoing
waves serving as the reference beam. (At close ranges involved in NDT --rork
one may consider that outgoing and reflected signals overlap throughout the
sweep.)
This system can be used, but is not a very good performer. It suffers
From several disadvantages, chiefly that the reference signal is unnecessarily
strong. The strength of the reference signal is related to the problem of the
relative strength of the r-f and local oscillator signals in a superhetrodyne
Page 17
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receiver. In the present case, however, optimization is not quite so crL.,.'r'.
Signal-to-noise ratio does not become a serious problem, at least not in the
sense of true random noise. Spurious signal levels will set the limit of
sensitivity. The spurious signals are reflections from the waveguide components
and also from fixtures and the specimen. They differ from the "true signals"
only in that the operator wishes they were not there. For this reason, the
reference signal need only be larger than the reflected signal and riot so
large as to exceed the dynamic range )f the detector. Some versions which
satisfy these requirements are shown in Figure 4 along with the approximate
relative strengths of the signals at various points. There are other forms or
couplers which can be used to split the signal. The desired properties in a
coupler are in order of importance (a) bandwidth (full waveguide band required),
(b) Low VSWR (c) directivity. VSWR (Voltage Standing Wave Ratio) is the usual
means of specifying the closeness of the impedance match of a component to the
standard waveguide for which it is designed. A low VSWR indicates that there
will be a small reflection from a component when it is inserted into the line.
The simple E-Plane tee of the basic probe is the simplest coupler. Its VSWR
is not exceptional and it has no directivity. It is, however, compact. At
the other extreme is the multihole broadwall coupler. This coupler has good
directivity and low VSWR, but is fairly long and expensive. Crossguide couplers
are intermediate. Figure 5 shows the operation of the various kinds of couplers.
The coupler has a main line and a secondary line (these roles are interchangeable)
with many types of coupler. The diagrams show the desired direction of power
flow. Some power is coupled in the opposite direction.
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SIMPLE TEE
Directivity 0
Coupling -3db
VSWR High
Coupling Ratio (in db) is the fraction of the input power diverted into
secondary line.
Directivity secondary line power is always measured in the direction
shown. Directivity is the ratio of the secondary power with the main line power
as shown, to that with the main line power reversed. (Directivity is also
measured in db).
The hybrid tee is shown in Figure 4. It is often called the Magic Tee.
The arrows in Figure 4E show the direction of the signals. These Tees are
available in matched and wideband models. The latter are required here; the
former have posts or other structures which improve performance over one part
of the band at the expense of others. The system in Figure 4E is a balanced
detector/mixer, and is common in communications work. It has advantages here
also. It can provide a balanced caf her than a single--ended output, and uses
two crystal detectors. The best detector mount3 for the FDI are the shorted-
guide type shown in Figure 6. The short is 1/4a from the post for the band
center frequency. These mounts are available in broadband, matched (narrow
band), and tunable forms. The crystal diode detectors are somewhat variable,
and it is difficult to get them to respond well across a full waveguide band,
especially with matched or turnable mounts. With the balanced detector they
may be stagger-tuned so that the combined output is relatively flat across the
band, or even slightly peaked at the high and low ends, which improves the
sidelobe structure of the signal display. The diodes should be detector/mixer
diodes. The general purpose low power diodes recommended by the manufacturer
of the waveguide detector mount will serve. Mixer diodes made for eery low 	 a
intermediate frequency (e.g. doppler radar use) are good. Figure 7 shows the
signal conditioning required.
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The signal must be filtered to remove low frequency components. The
first few harmonies of the microwave sweep repetition rate will have to be
removed, and it is desirable to cut off just below the useful signals.
Perhaps the most convenient way is to use an integrated circuit operational
amplifier. Any of the common bandpass or high-pass amplifier circuits will serve,
although some may show a phase shift with large changes in gain, which can be a
nuisance. Since the useful frequencies are usually in the 100-300 kHz band,
and the sweep repetition fundamental is 1 kHz, a fairly rapid rolloff below
about 70 kHz usually works well. The detector diodes are designed to work
with a load of about 600Q for most detector diodes.
The diodes are variable from one unit to another, and it is advisable to
have several on hand in order to select the one which performs best in a given
mount. In the case of the balanced detector, care must be taken to have the
diode polarities correct. This detector will require differential or else
parallel inputs either at the amplifier or at the primary of a transformer.
For this reason, reversible detector diode mounts are desirable as they do
away with the bother of having a pair of diodes with the correct polarities.
Matched pairs of diodes are available but are no great advantage since the
matching is usually not very good over some parts of the bar.1.
Because of the way in which the cross-correlation detector works, it
is essential that the signal introduced into the analyzer be well filtered
and symmetric about ground. Since the usual arrangement is to have a single
ended amplifier in the signal analyzer, capacitive coupling i3 employed to
insure symmetry about ground. A differential amplifier with single ended
output can then be used as a preamplifier, or alternatively, a transformer
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can make this conversion, when the balanced detector is used. With the single-
detector models there will be no problem unless a long cable is used between
detector and analyzer. In this case, a preamplifier should be used at the
detector. As before, the detector should be properly loaded. Hum and noise
pickup are usually not terribly serious here since the detected signal will
usually have useful components in excess of 100 mv, peak-to-peak.
A most important component is the ferrite isolator. This is a one-way
device which suppresses reflection, being a low attenuation in one direction
and a very high attenuation in the other (1 db vs 20 db is typical). A full-
band isolator is required. These have magnets, and are heavy, and they are also
fairly expensive, but good performance is difficult to obtain without them. The
isolators suppress reflections. Users who have examined manufacturer's literature
and microwave textbooks will have seen isolators shown between the microwave
source and the remainder of the system in many test-bench set-ups. This is done
to prevent unwanted source-load interactions and frequency-pulling of the source.
This is not .4 problem with the FDI, and the use of isolators is slightly different. 	 I
In general, one uses an isolator wherever there is a pair of reflective
discontinuities close together in the waveguide as in Figure 8.
Both the detector mount and the Tee are rather strong reflectors. The
display will have a peak for every path difference between reference and
reflected signal. Multiple reflections between B and D can cause a good many
closely spaced peaks to occur instead of a single one repri enting the differ-
ence between paths ACBD and ABD. The more compact the waveguide system the
closer and hence more troublesome will be the spurious peaks. The isolator
absorbs the first reflection from the detector mount. The detector mount,
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respecially the more efficient shortei-gu+,de types are the worst reflectors
it the system. Lengthening the waveguide oe gment AB usually suffices to deal
with reflections from the BWC The isolators serve the same function in the
other types of waveguide systems. They are almost indispensible. Like so many
microwave components, they are available in wide- and marrow-band versions, and
one which covers an entire vaveguid band is required.
In general, the waveguide tubing itself is riot extremely critical, and
one does not have to be fanatical about flanges, highly ccriductive coatings
and z-.xtremely good joints. Commercially available waveguide tubing and flanges
can be kept for making up special bends and twists needed for? roper horn
positioning in inspections. These components are generally of brass or high-
conductivity copper except for Ka-band which uses guide of coin silver. The
tubing may be filled mi th sand to prevent collapse and bent or twisted after
being heated with .a propane torch. Silver-brazing or silver soldering is
convenient for attachment of flanges. Field repairs and special horn positioning
are thus feasible.. It will often be found that "off-the-shelf" twists and
bends of eXactly the desired angles are not available.
Rigid rectangular guide is preferred. Coaxial components can be used
at lower frequencies. Semi-rigid coaxial line with solid copper jacket would
probably be best where repeated flexure is not required. Fcr the higher bands
where rectangular guide is almost universally used, flexibility can be provided
by the bellows-like flexible waveguide. Rather long sections of it may be used
between the probe and the BWO, while its use between probe and horn is to be
held to a minimum. Flexible guide is available in several forms which vary in
flexibility and durability. Sor* of it cannot withstand twisting, and all of
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it is expensive and relatively fragile. It is, however, required between
probe and BWO for some hand-probing operations. Typically, about 24 -!n. of
flexible guide connects the hand-held probe to the BWO which the operator may
carry comfortably on a shoulder strap or a Sam Browne belt. The BWO's will
weigh from 4 to 8 pounds depending upon type. Table I gives the weights and
dimensions of the basic probes 'or Ku, K, and Ka-'ands (12-40 GH z ). The
flexibl, guide can be field-repaired if broken and no real harm will result
provided it is the section between BWO and probe. The ends may be trimmed
square and butt-jointed with low temperature silver solder of the type used
for ceramic terminal strips. The repaired section will be stiff, and should
be immobilized with a splint. Such rough-and-ready repairs will probably
cause considerable trouble if attempted anywhere between the beam splitter
and the horn.
The selection of the type of probe to be used depends mainly upon:
Size and weight restrictions
Sensitivity required
Minimum range at which sensitivity is required
The basic probe of Figure 4B is the general purpose model, and is
lightest and smallest except for the primitive model with only horn and
through-guide detector. For somewhat ')etter performance the twla-line probe
of Figure 4C is to be chosen. An attenuator may be inserted to optimize the
strength of the reference signal. Models 4C and 4D can use a balanced detector
which gives some improvement. All these models are sensitive to reflectors at
zero range. The two horn version of Figure 4D is not sensitive at very short
range. For this reason it is useful when short range reflections are to be
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TABLE I
WAVEGUIDE HAND PROBES
Band Freq. Length Width Depth Weight
K 12.4 - 18 36 in. 4 in. 5	 in. 3.8 lb
u
K 18 - 26.5 19 in. 4 in. 3 in. 1.6 lb
K 26.5 - 40 11 in. 4 in. 3 in. 1.2 lb
a
BWO's Weight Length Diam.
Varian VA 160 Series 8 lb 6-1/2 in. 4 in.
Varian VA 400 Series 4 lb 5 in. 3 in.
BWO Model Freq Band Power
VA 162M K 50 MW
u
VA 470M 20 MW
VA 163M 25 MW
K
VA 480M to MW
VA 164M 25 MW
K
VA 490M a 5 MW
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suppressed. Frequently it is desirable to have no reflection from the front
surface of a specimen. Such a reflection contributes large sidelobes and some
harmonics to the display. Since it is very strong it may saturate the signal
amplifier or the signal analyzer before the weak signals from deep within the
part are sufficiently amplified. When the two-horn probe is placed against the
part, the front surface reflection is not seen. This allows more amplification
to be used. Wherever bulk is no pr%blem, and short-range sensitivity is not
required, the two horn arrangement is the best. In this connection -.L't should
be pointed out that increasing sensitivity is generally a matter of "cleaning
up" the waveguide probe to eliminate reflections within it. Signal amplifier
gain can be increased until a useful limit is reached as a result of true
random noise. This will. rarely happen, and would be indicated by random
fluctuations of the trace. A more usual limitation is spurious signals. These
do not fluctuate in time, and are not at all random. They result from stray
reflections, and will obscure the indications of interest. Any increase in
microwave power will increase the spurious signals as well, so that high power
microwave sources are of no particular advantage. The use of law VSWR wave-
guide components, and the elimination of spurious reflections at their sources
will give the best results when it is desired to incre,:-e sensitivity.
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III. THE ANTENNA
The waveguide used to form the interferometer itself has a cross section
whose dimensions are less than the wavelength. This is important, because a
wave cannot be confined to a region of space this small without seriously
altering its propagation. Hence, the guided wave mode in which the microwave
energy is propagated within the metallic walls of the interferometer gives way
to an unbounded mode at the end of the waveguide. The antenna must accomplish
this transition. It has two functions in this connection. First, it must
launch the wave with suitable directional characteristics, and second, it must
match the waveguide impedance to the impedance of unbounded space. The first
requirement is obvious, the second avoids reflecting an undue portion of the
energy back into the waveguide. It should be noted that matching is not as
critical here as in many other microwave applications, although severe mis-
matches should be avoided. It is also necessary with the FDI that the antenna
have the same effective radiating point for all frequencies in the band. Some
types of antenna, such as the log--periodic, do not meet this requirement, and
are thus unsuitable, at least for close range work.. The most useful antenna
for use with the FDI is unquestionably the horn. The horn antenna is simply
a flared section of waveguide which grae--.aily enlarges the guide until its
aperture suffices to launch a wave with fairly good directional properties.
Horns can also be fitted with lenses. The lenses are quite ordinary except
that they are made of plastic and do not need to be highly polished. They
will be discussed at length in a later section.
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A wide variety of horns are available as commercial items. The most
common specification is gain. This is defined as follows. Suppose a detector
is placed at a large distance from a point source of microwaves radiating
uniformly in all directions power P o . Power P will be received at the detector.
Now if we replace the point source with the test antenna, radiating the same
total power PO and aim the antenna until the detector receives the maximum
signal, noting the power P  we can compute the gain of the test antenna. It
P
is simply the ratio --- in decibels. Sometimes the angular width of the main
0
lobe of the pattern is also given. Gains of 10, 15, 20, 25, 30 db are quite
common, and angular widths from about 90° to 25° are usual, depending upon the
horn's intended purpose. A 15 or 20, db horn is generally best for nondestruc-
tive test purposes.
For rough rule-of-thumb engineering of an NDT application, Figure 1
shows how to estimate the performance of a horn. Boresight alignment is
entirely adequate at the cloce ranges involved. The neglect of sidelobes is
ordinarily of no consequence; their amplitude is small (power usually 10 db
or more down from main lobe) and they are seldom returned to the horn.
Since the inspection of laminar structures is a common application of
the FDI, it is important to note how the signals will be reflected from large
surfaces of various common shapes.
Figure 2 shows the geometry involved in inspecting a large, plane
lacrinar structure using a horn antenna. The main lobe is treated as being
uniform over the included angle of the horn. In general, the horn will be
wider in the H--plane than in the E-plane. The following calculations apply to
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either plane, of course it can be seen that the horn illuminates a consider-
able area of the target plane, here assumed to be an infinite reflector. But
only rays within the angle A bounded by Ray SEG reach the horn. The effective
target T is thus seen to be
T	
RA
2R-L
thus at very short range (R = L) the effective target is almost the same as
the aperture, while at long range (L negligible compared to R) the effective
target is 2.
Where the surf acc has a constant curvature of radius r
T PA
R+P-L
where P is calculated from
r= R - P r positive for convex surfaces
for r = 00, (plane surface) R = p and we have the expression previously derived
for a plane surface. The preceeding shows that, in general, curved surfaces
present a greatly reduced effective target.* An obvious exception is a concave
surface with the source points located at the center of curvature.
In the case where the effective target is adequately small the effect
of a very narrow beam is obtained. It must be remembered, however, that the
remainder of the beam is still there and can be returned to the horn by a
suitably oriented reflector. A more satisfactory means of beam definition is
collimation by lenses. Lenses for microwave frequencies can be made from
*Spheres comparable to or smaller than a should not be treated in this manner.
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plastic exactly as are light lenses, except that it is not necessary to resort
tc cut-and-try hand grinding. Spherical surfaces are adequate, and satisfactory
accuracy can be obtained by mounting the lens on a faceplate and turning it on
a lathe. Plano corvex lenses are convenient and satisfactory. Focal lengths
of 5-10 X will generally be adequate, though, of course the longer focal
lengths are generally better. The lens should be of sufficient aperture to
intercept the central part of the main lobe of the horn. Commercial lenses
generally have grooves milled into the surface of the lens facing the horn.
This serves the same function as the coating on camera lenses, it helps
suppress .eflect.ion from the surface. As a rule these anti-reflection sur-
faces are effective only over part of a waveguide band. With the FDI's full
band sweep these grooves are less effective, and are generally not a necessity
for NDT work. Approximate calculation of lens figure can be made using the
elementary lens-maker's formula:
f	 (n-1)
	
+R 	 R1	 2
R 1 , R 2 are the radii of the surfaces
The above formula does not correct for spherical aberration or any of
the higher aberrations. At close range using small lenses, no really fine
focus is possible in any case as will now be explained.
In optics, visible light or microwave, size is always relative to the
wavelength. Visible light wavelengths are on the order of 10 -5 cm whereas
microwave frequencies have wavelengths on the order of cm. Thus while micro-
waves and light waves obey the same laws, light waves, in ordinary laboratory
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setups, encounter objects 100,000 times larger measured in wavelengths. With
centimeter waves, lenses only a few hundred millimeters in aperture are generally
severely diffraction limited. Although these would be large lenses by photo-
graphic standards, they are extremely small on the physical optics scale for
microwaves.
In general microwave beams used in NDT work are subject to very pro-
pounced diffraction. With the exception of a laser lEb where shadows on the
wall often show diffraction fringes, these effects are rarely observable with
light, except in instruments designed to produce them. But the long coherent
length of the wave train, and the centimeter wavelength of microwaves make
conspicuous diffraction the rule rather than the exception. We must thus
examine the diffraction by obstacles and apertures.
Suppose we consider passing the collimated microwave beam through a
slit of width 2X, as in Figure 3. This is not an unreasonable situation and
would be a 4cm slit at the mid-frequency of Ku-band. Using the formula for
single slit diffraction (see Reference 1, Chapter 15) we have for the angular
half-width of the central maximum:
sin 0 =a=1/2
e = 30°
In the case of a circular aperture the angular width of the central maximum
(sometimes called Airy's disc) is given by
sin 0 = 1.22 X
a
or
R = 1.22 P 
a
	(reference 1, Chapter 15)
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if the aperture is that of a lens. P is the distance from lens to image. For
a rectangular aperture, the most common case, we have for an aperture of length
L, width a:
I ., I a 2 L 20
sings sin 2A
s 2	 X2
s^a sine Y- XL sink
The angular width is found by noting the a or y values at which I - 0 i.e.,
IT
n^	 a sin 6 n - integer
a
sine -tom
a
thus one can calculate using N - 1 the angular width of Lhe beams central
maximum in the E- and H-planes for a given aperture.
The equations just given are for Fraunhofer diffraction rather than
Fresnel diffraction, the mathematics for the latter being much more compli-
cated ( see Ref 1 chapter 18). Fraunhofer diffraction occurs when the waves
incident upon the diffracting structure are plane waves, and when the pattern
is observed at a great distance from the diffracting structure. Figure 5
shows how these conditions can arise.
Except where lenses are used, the diffraction will ai:tually be of the
Fresnel type, but it is very difficult to measure microwave diffraction
patterns at close range, and the experimental procedures o f  the NDT laboratory
probably do not justify more elaborate calculations. The procedures above
will allow an adequate estimate of horn patterns, and of the effects of
obstacles and apertures of the sort likely to be encountered.
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IV.	 MEASUREMENT OF REFRACTIVE INDEX
The measurement of the refractive index is important both as a primary
objective, and as a necessary step in engineering NDT applications. 4ts a means
of measuring dielectric constant, the method about to he described, using the
FDI, has several unique features.
Refractive index is defined as the ratio of the speeds of electromagnetic
waves in two media. As a rule, the values given for materials are those relative
to free space i.e.,
V
Cm=N
where V  is the speed in the material, C the speed in free space. Sometimes
the index relative to some medium other than free space is useful;
V
Vn	Nmn
m
In microwave work the quantity Ke , the dielectric constant is mere
commonly used. N and K  are closely related. The speed of electromagnetic
waves can be shown to depend upon the electric and magnetic inductive capacities,
E -.nd u respectively. (Reference 2)
M
N i1eE	 K K  = K  for nui:magnetic materials
0 o	 u
For the short of work considered in this :,.anual N is usually the store
convenieAt quantity to measure and use. One very seldom is concerned with
separating u and E, and indeed u is usually negligible since most of the
materials have u very nearly the same as that of free space.
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The generally accepted method of making measurements of N and K  is to
prepare samples for insertion into waveguide, and then make standing wave
measurements upon the dielectric filled length of guide produced when the
specimen is inserted. This is probably the most accurate method, but is slow
and expensive, and ca.n lead to gross error unless sample preparation, equip-
ment, and operator technique are all very good. The operation itself and the
subsequent data reduction are intricate, and are fully described in books
devoted to the subject (Reference 4). For the present discussion, it suffices
to say that the process is slow and expensive. For the preliminary study of a
microwave NDT application such as, for example the inspection of a solid
propellant rocket motor with glass-epoxy case one might easily spend several
months having the measurements made by conventional methods at a commercial
laboratory, and tits tends to be very expensive. The cost of measuring the
minimum number of specimens In this way could exceed the cost of an FDI
set-up, Also, s vailab. le personnel can be quickly trained to male the FDI
measurements. "zz{.;' :. :.,ie accuracy of measurements with the FD1 will not always
equal that of convUnLional methods the risk of gross error due to inexperienced
operators is greatly reduced with the FDI.
The Frequency D( ,,►main Interferometer, thus provided a rapid, inexpensive
and reliable means of determining the refractive index when the ultimate in
precision, is not required. It should be noted, however, that in some cases,
the FDI can in practice: give much more accurate results. At present the FDI
met,^od. does have the disadvantage that the loss factor, or attenuation cannr)t
be preni.sel.y determined, although comparative measurements are possible.
Future research may well remedy this shortcoming.
4
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The use of the FDI as a microwave refractometer follows from its ability
to give direct indication of target range. In this way, the measurement of the
refractive index is direct, since the reduction in speed of the waves in the
specimen is what is utilized.
The indicated range is determined by the time required for the waves to
make the round trip from the instrument to the reflector and back. If the
space between horn and reflector is filled with dielectric material, the speed
of the waves is reduced, the round-trip tine increased, and the indicated range
is greater than the physical distance. The indicated range of course„ increases
in the ;same proportion as the speed is decreased and
Ri = N R
where Ri
 is indicated range, R actual range, and N the refractive index. Thus
Comparison of the actual and indicated distance through a dielectric material
gives the average refractive index of the material through which the beam passes.
Figure 1 shows the re€ractometer actually u^d for such measurements. To make
a measurement one places a slab of diel+^!7 0_ri.­
 between lens and target, end
adjusts the FDI to obtain a trace like the one shown in Figure 2b i.e., symiatric
and centered on the graticule. The specimen is then rem)ved causing the trace
to shift: to the form shown in Figure 2 c. Of course, this subG itutes air
t'r^=1; `ryr the dielectric in the segment t of the path, and the indicated range
is _reduced to the true range. To complete the measurement., one simply moves
the target back until one obtains trace d Figure 2 i.e., tOe same phase and
position as in 2 a. The indicated range is exactly the same in b and c. If
d is the distance through which the target moved, then the distance t + d
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The use of the FDI as a microwave refractometer follows from its ability
to give direct indication of target range. In this way, the measurement of the
refractive index is direct, since the reduction in speed of the waves in the
specimen is what is utilized.
The indicated range is determined by the time required for the waves to
make the round trip from the instrument to the reflector and back. If the
space between horn and reflector is filled with dielectric material, the speed
of the waves is reduced, the round-trip tine. increased, and the indicated range
is greater than the physical distance. The indicated range of course, increases
in the ;same proportion as the speed is decreased and
Ri = N R
where Ri
 is indicated range, R actual range, and N the refractive index. Thus
comparison of the actual, and indicated distance through a dielectric material
gives the average refractive index of the material through which the beam passes.
Figure 1 shows the re€ractometer actuall y ur^d for such measurements. To make
a measurement one places a slab of die .lt^-t r'- between lens and target, and
adjusts the FDI to obtain a trace like the tone shown in Figure 2b i.e., symmetric
and centered on the graticule. The specimen is then rem)ved causing th-- trace
to shift: to the form shown in Figure 2 c. Of course, this suhciitutes air
0-1; for the dielectric in the segment t of the path, and the indicated range
is reduced to the trUL range. To complete the measurement:, one simply moves
the target back until one obtains trace d Figure 2 i.e., :-a same phase and
position as in 2 a. The indicated range is exactly the name in b and c. If
d is the distance through which the target moved, then the distance t + d
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a
in air is traversed by the waves in the same time as is the distance t in the
dielectric
V dielectric
C
	
(t +
 
d)	 t
	
c ^^	 c/N
t + d
n -	 t
Note That any ;lumber of transparent slabs may be placed on either side of the
specimen without: altering the result, provided they are left there when the
specimen is removed. Similarly one can zero the instrument before sample
insertion, and then move the target in the opposite .:ire_ r.ion. L,i juids and
powders may be mea-cared in tanks of any convenient material transparent to
microwaves. It is only necessary to determine the value of d for the empty
tank and subtract this from the d obtained for the filled tank.
There are, of course several complications which have to be considered,
although once the equipment is set up the procedure for indiv3.d"al measurements
is just as described above.
The system shown in Figure 1 will give adequate results in many cases,
v thout the lens. The horn should be a standard gain horn, about 15 db, of
the common commercial variety. For slabs of about 2 wavelength thickness and
cross section slightly larger than the horn, beam collimation may not be
required. As has been explained in the chapter on antennas geometric beam
aof inition restricts the effective beam to a fairly narrow cone in any case
this, although the beam is divergent, the actual path length and :he slab
thickness do not differ significantly.
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For the greatest accuracy in any case one should examine the trace
with and without the specimen as shown in Figure 2, noting where the target
peak will occur initially and finally when the measurement is made. Thee the
reflector should be removed from its mounting. The region of the trace formerly
occupied by the target peak should be flat. When there are several reflections
most of the trace is somewhat cluttered with assorted peaks and valleys whose
origin the operator will never discover exactly. If the target peak is placed
on the slope of one of these peaks the operator will read its position
incorrectly. Thus one attempts L'o place the target peak on a flat spot. If
this cannot be done, the specimen should be moved. Fortunately, positioning
is not very critical and this is usually fairly easy, Having the horn-to-target
distance as great as possible makes this easier since the sidelobes of the
peaks do not then overlap. It has been previously explained that the effective
target area of a plane target approaches half the horn aperture at long range,
never becoming smaller. The reflected signal strength returned to the horn
approaches ze-:o, however, so that a limit of horn-to-target range will soon be
reached. Beyond this point, the reflected signal reaching the horn will not
give a peak which can be identified on the trace. Of course, high absorption
in the specimen aggravates this problem. Very high refractive index does tare
same, both because reflection losses combine with absorption to increase beam
attenuation, and also because the larger reflections clutter the display with
larger spurious peaks (specimens of high refractive index reflect more of the
beam from their surfaces then do L`!ose of lesser index).
Furthermore, a liquid or powder sample in a tank has additional die-
electric interfaces to reflect the beam. A series of closely spaced interfaces
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will cause multiple reflections. This in turn causes each large peak on the
trace to have a series of "ghosts" beside it, This causes the trace to show
a great deal of clutter for some distance beyond the peaks due to the specimen.
When the target is moved back far enough that its indication is clear of this
clutter, the ,c,gnal. may be too weak. Figure 8, Chapter 2 shows the form and
origin of some of the spurious indications. Obviously there is art infinite
series of them, but these produced by high order multiples are negligible. By
carefully controlling specimen geometry serious trouble can often be av aided,
and a large target distance helps. If sufficient distance cannot be obtained
with the uncollinated beam, a lens may be used as shown in Figure 4A. With
this arrangement the target range can be very great since the beam does not
diverge. The sort of lenses to be used, and tale precautions to be observed
have been treated in Section III. It must be further noted, however, that in
setting up the refrecton-eter one should not move the lens until a maximum
indication is obtained from the target (Figure 4 B).
This indicates a spot focus. The signal reflected from the target will
be weaker If -he target is moved in either direction, and the convergent beam
will cause the path length in the specimen to differ from the specimen thickness.
The correct indication. of adequate collimation is that the target indication
keeps the same amplitude at ail distances. A slightly divergent or convergent
beam is, of course acceptable, and unavoidable unless extremely large appertt!res
are used,
If curved parts are to be examined, complications arise. Unless gross
error and lack of precision are to occur, all of the beam which is used must
traverse the same thickness of the specimen. This can be done in two ways.
First, one can use a very narrow effective beam, so that error is minimized
as in Figure 5.
Page 49
Target
A
B
Note; The rays in case A are not parallel for lenses of finite aperture, but diverge
slightly. Likewise $' is actually a disk of radius R, as explained in Chapter III
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This result is obtained by using a small target and a divergent beam, and will
work well for some specimens. With slight curvature and low allenue. ,_j.on fairly
good results are possible. A second method involves the -.se of cylindrical
or spherical lenses to produce a wave front which ivo-ches the specimen ccntours
(Figure 6). This will generally prove feasible only with constant thickness
shells of approximately spherical or cylindrical form.
Finally, we must note eowe general characteristics of the me-thud. As
the reader may have noted, the FDI measurement of N is not made at a particular
frequency, but uses a iull band sweep. The value of N th+.is obtained is a
band average. This is not a problem of much technical consequence since
refractive indices usually do not vary much over a waveguide band. There may,
however, be administrative problems, and the user may well have the burden of
demonstrating that band averages will serve the sa ge purpose as fixed frequency
measurements. This will, of course, require that the variation in index o,7er
the band is less than the uncertainty in the measurements, or at any rate is
not great enough to affect their usefulness. This will usually be true in
NDT work.
Dispersion will, if severe, announce its presence by preventing any
measurement at .all. Figure 7 shows the result when th-- medium is dispersive
(refractive index depends upon frc . sency). This is the same effect as is
produced by large changes in the length of waveguide in the system, or by
having the microwave sweep characteristics mis-adjusted. Whenever the target
indication is not the same in form with and without the specimen, measurements
are somewhat suspect, although dispersion is not a common cause unless the
length of waveguide has been changed. In general, the result cf a severely
distorted indication is that the operator cannot get any measurement at all
since he cannot identify the peak. As a rule, a good measurement can be expected
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BSingle Reflector (No Dispersion)
A
C
Typical Indications of a Single Reflector with Dispersion
Dispersion is present whenever the speed of the Microwaves depends upon
frequency. Free space and most dielectrics are not noticeable dispersive.
Waveguide is conspicuously dispersive, and the sweep characteristic must
be adjusted to co-Apensate for waveguide dispersion to obtain trace "A".
FIGURE IV-7 EFFECTS OF DISPERSION
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Y
when the peak both with and without the specimen is symmetric, and when both
phase and position, can be exactly reproduced by the target position adjustment.
It may be that both of these characteristics cannot be repeated. In such a
case the accuracy will not be quite as good as otherwise. Naturally electronic
malfunction could always be the cause of inability to repeat both phase and
position, but the more usual cause is having the target peak on the slope of
come other peak, usually a multiple reflection peak associated with specimen
or lens.
Finally, a word is in order concerning the nature of refractive index.
The slowing down of waves in dielectrics is basically a scattering problem
(Ref. 1 Sec. 22.13). In the case of light, these scatterers are on the atomic
or molecular level, and result frnn, the ability of the waves to excite oscilla-
tions in the charged particles, even toough the charged particles are not free
and hence cannot give rise to conduction. These microscopic oscillators then
act as antennas, and scatter a portion of the waves. The wave at any point in
the dielectric is then the sum of direct-path waves and waves scattered from
other points in the dielectric. It can be shown that the result of adding up
all these contributions is a wave moving at a reduced velocity.
n 1	 2^r N a2^
Where n is the refractive index, N is the number of scatterers per cm 
and a is the scattering cross section in cm 2 . In addition to the atomic
scatterers responsible for the refractive: index of materials 3.t is possible, at
microwave frequencies, to construct "artificial dielectrics." A cloud of small
metal spheres will show a refractive index, and in a more practical example,
mixing aluminum powder into a plastic will greatly increase its refractive index.
I
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If the powder is well dispersed the particles are insulated from each other
and the filled plastic shows no appreciable conductivity over dimensions
comparable to X. The material thus remains transparent despite the presence
of a great deal of metal. The particles act as scatterers and increase the
refractive index to a value far in excess of that for the plastic alone.
Any inhomogenieties in a material can act as scatterers provided they represent
discontinuities in the electrical or magnetic properties of the material.
In the case of mei:allic particleb, however, they will render the composite
opaque if they have any dimensions of the same order of magnitude as the
wavelength, then they act as dipoles, and scatter so efficiently that very
little power penetrates the surface.
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V.	 SCALE MODELS AND DEFECT SIMULATION
Nondestructive test specialists will at once appreciate the need for
models and specimens in devising inspection procedures. They are especially
useful here because changing frequency bands requires the purchase of expensive
new equipment, and for feasibility studies it is helpful to use equipment
already on hand whenever possible.
The properties of the real materials reproduced in the model making
materials are refractive index and absorption. Other properties may be chosen
for experimental convenience, so that the :Model maker will require a selection
of materials in various physical forms covering the range of refractive index
and absorption expected in the parts he wishes to represent. Machinable solids,
casting materials, and powders should be included. Each worker will have to
use his own ingenuity, but there are some things which might escape the notice
of those with no microwave experience. Most significant, perhaps, are the
microwave properties of water. It has, of course, a very high refractive
index and high absorption. This is true of liquid water and absorbed water,
but not water incorporated into the structure of many hydrated crystals. 'Thus,
plaster-of-paris and portland cement, when cured and dried out, are relatively
transparent tn :ricrowaves although they still contain some water. Plaster-of-
paris is es, .:sally useful since good castings can be made with it and it is
inexpensive. Oxides and aluminum powder can be used as fillers to raise its
refractive index. It should be noted, however, that mixtures of aluminum
powder and some oxides, especially magnesium oxide, evolve considerable heat
when water is added. Of course, epoxy resins with and without fillers are
quite useful.
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A most convenient apparatus for defect simulation is a sandbox. This
should have transparent sides (transparent to microwaves, of course). A
Plexiglas box filled with silica sand (30 mesh masonry sand) has been used
by the authors for many experiments. The sand has almost the same refractive
index as Plexiglas, so that void simulation is quite simple; one buries styro-
fo,m lumps in the sand. A crack is simulated by burying two thin Plexiglas
sheets held apart by cardboard or paper strips at the corners and sealed with
tape around the edges. These defects are, of course, easily moved around.
The tables in Reference 4 will suggest: many inexpensive materials which might
be pulverized to simulate solids of various properties. Special microspheres
can be purchased from manufacturers of microwave dielectrics for this purpose
in a wide range of properties, although they are more expensive. Of course,
powders can be mixed to obtain the desired properties. if one has a sandbox,
a variety of solid plastics, powders with matching refractive index, and styro--
foam, a great variety of models can be constructed. Casting resins, aluminum
powder, and plaster-of-paris should also be on hand. Table 1 gives some
refractive indices of materials which have been used by the authors.
Sometimes small scale simulation is desired. Examining large solid
rocket propellant grains is a good example of this problem. Absorption in
propellant usually increases with frequency, so that 1 to 4 GHz equipment is
required. The smaller 12 to 18 GHz, 18 to 26 GHz, or even 26 to 40 GHz microwave
systems --re much more convenient if available, since rather small specimens will
serve. One might work to 1/10 scale. This presents no particular problem if
done correctly. The full scale dimensions should be first expressed in wave-
lengths (in the material) for the fregv.-ncy, f, to be used for the actual
inspection
--	 c	 n = refractive index
1 - f 1n1
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for the actual material of the part. Then, if it is desir ,,l to conduct experi-
ments at a second frequency with a scale model, perhaps of different material,
c
M2	 f2it2
is the unit in which the dimensions of the scale model are to be measured. The
dimensions of both specimens must be numerically the same when measured in
units of the appropriate wavelength. They will then be electromagnetically the
same size despite any difference in physical size. As regards absorption, it
is, of course, the absorption per wavelength which counts, not the absorption
per unit length. Tf the absorption per unit length is a linear function of
frequency (absorption per wavelength constant) and the refractive index is
constant, matters are much simplified. Then the material can be used at any
frequency if the specimens dimensions (in wavelengths) are the same. It is
common for refractive indices to change very little over several. waveguide
bands, and many materials will have an absorption per wavelength which is
fairly constant. Materials having these properties are, of course, most
useful for model making.
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VI.	 INTERACTIONS OF MICROWAVES WITH DEFECTS
The FDI detects microwave signals reflected from the specimen. Thus
detection of a defect depends upon getting ene , *gy to the flaw, and upon having
the flaw reflect enough of it to be detected and analyzed.
The subject of microwave electro-magnetic properties of solids is an
involved and complicated one. We will not discuss it here in detail, but will
be content with some general observations for those completely unfamiliar with
microwaves.
Solids can be, for our purposes, classified by conductivity, dielectric
loss factor, and refractive index. Few materials except metals exhibit iiny
significant magnetic properties so that we have low-loss insulators, high-loss
insulators, and conductors.
Conductors are not significantly penetrated by microwaves. This is true
of any material which would not ordinarily be considered an insulator. Metals
are almost perfect reflectors. It must be noted, however, that conductivity here
means conductivity over dimensions not microscopic in comparison to the wave-
length. For example, aluminum powder added to a plastic does not necessarily
make it highly opaque to microwaves.
	
If the particles do not make contact with
each ot ►.jr, they do not give rise to conductivity over microscopic dimensions.
In addition to conductivity absorption, there is dielectric absorption.
Materials such as distilled water can be very opaque to microwaves even though
the conductivity is low. References 4 and 5 contain good discussions of this
topic. Most of the resins and elastomers fall into the category of materials
with moderate absorption due to the dielectric loss factor. This can be tabulated
in several ways, usually as the loss tangent.
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TABLE 1
REFRACTIVE INDICES OF SOME MATERIALS
Measured Index	 Calculated From
Material
	
FM Interferometer	 Published Plata
Ple•.ciglas 1.62
Teflon 1.44
Polystyrene 1.60
Plaster of Paris* 1.78
Plater of Paris* 1.80
Plaster of Paris 1.93
(Aluminum Filled)
Glass-Epoxy (POLARIS A3 Case) 2.19
Brick, Cannon Buff Standard Smooth 2.05
30-Mesh Masonry Sand 1.63
Inert Propellant 260-in. Formulation 2.29
Live Propellant 260-in. Motor
Formulation 2.50
1.61 (10 GHz) 1
1.43 (10 GHz, 25 GHz) 1
1.59 (10 GHz, 25 GHz) 1
2.15 band average 
2.60 band average2*
2.59 band average
* Two samples
1 Von Hippel
2 Stanford Research Institute
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.R
The dielectric constant and refracti ,.►e i:idex are related. For most
materials one only considers the ratio
E
	
Eq 1
E
O
This can usually be taken as the square of the refractive index. The presence
of significant conductivity or of magnetic properties dxiferent from those of
free space complicate matters, but one rarely has to deal with magnetic materials,
and highly conductive materials are opaque. Refractive indices greater than 2 are
somewhat more common at microwave frequencies than for visible light, at least in
transparent materials.
Assuming that adequate penetration of the specimen is poss-'.ble, reflections
can arise from two causes, conduc'. c: surfaces or discontinuous changes in the
dielectric constant.	 In the cat; '^ iuctivity	 the wave sets up currents which
in turn act as antennas to radiate a reflected wave. The conductive region must
be large enough to contain current loops of a size comparable to the wavelength
in order to reflect as an ordinary ►nirror. Smaller regions of conductivity act
as scatterers.
	 Discontinuities in the dielectric constant are characterized by
a refractive index exactly as in visible-light optics. The refractive index of
material 2 with respect to material 1 is
_ vl s c2N2,1	 V2	
el Eq 2
where V is the speed of electromagnetic waves. Used without qualification, n
means the refractive index of a material relative to free space, or the absolute
index.
Page 61
_ C
c V Eq 3
e - speed of light in vacuum (or air)
The refractive index of air is assumed to be 1. Where there is an inter-
face between two dielectri^ materials a relative index used to characterize the
interface may be calculated from the absolute indices of the materials
-
N
2 E	 4qN2,1 N1
If material 1 is air, this reduces to the absolute index since N
air - 1.
All the laws of optics apply to microwaves except that the values of
conductivities, dielectric constants and so forth are oft..: quite different at
microwave frequencies. Also, because microw .sves are longer in comparison to *.te
scale of laboratory equipment some approximations uouall.y valid in optics are
Riot always so for microwaves. The BWO is coherent, and is thus the equivalent of
a laser.
Consider now the examination of a block of some typical non-metallic material
such as plexiglas. Taking Ku-band (12.4 - 18 GHz) as an example, we find that
plexiglas will have a refractive index of approximately 1.6, and an attenuation
of approximately 4.9 db per foot. Thus we can penetrate to a considarable depth
in this material. (Plexiglas is also transparent to light, of course, but trans-
parency to microwaves is by no means limited to materials transparent to visible
light.) Roush machined surfaces will appear rather smooth to the microwaves;
surface irregularitieo of 0.008 in. constitute 1/100 wavelength at band center,
making su:.a a surface a good optical flat for microwaves. When we aim the beam
at the block we will observe a reflection from the front surface. If the bloc:
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P	
(N-1 2
(N+1) Eq 5
Is at some distance from the horn, or if a leafs is used to collimate the beam, we
can expect a reflection coefficient at the first surface given by:
{
For plexiglas N = 1.6. The value R is approximately 0.06, i.e., 6% of the beam
is reflected. Since the refractive inucx from plexiglas-to-air is the reciprocal
of the air-to-plexiglas index it cen be readily verified that the reflection
coefficient is the same for both fi.ont and back surfaces. Another point to be
noted is that with plexiglas, as with all dielectrics, there is a 180° phase
shift upon reflection from the air-to-plexiglas surface. This is generally true
at any interface where the wave enters a material of higher refractive index at
normal incidence, r ►.eie is no phase shift at the surfaces where the wave passes
into a material o., lower refractive index.
When the incident wave is at ;ny significant angle to the surface normal
conditions are more complicated. The microwave beam is plane polarized with
the electric vector running across the narrow dimension of the guide as in
Figs;re 1.
T' ° plane of polarization is the E-p lane, the plane in which the E-vector
lies. The reflection coefficient will depend upon both the angle made by the
ray with the surface normal, and upon the angle between the E-vector and the
plane containing tb._ E-vector and the normal (Figure 2).
The ray may, in general, je treated as being composed of two polarization
components E
p	 s
, parallel to the plane of incidence, E perpendicular to it. For
each angle of incidence, there are two reflectic ri. coefficients, one for the P
component, ors for the S comp,)nent. Figure 3 shows approximately how the
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reflection coefficients vary for the P and S components at various angles of
incidence from a dielectric with no appreciable absorption and a refractive index
of 1.6. Note that at ^,the polarizing angle, none of the P component is reflected.
In the case of internal reflection, there are two significant angles, the polarizing
angle., and the critical angle. The total reflection at an 6- ; equal to or greater
than the critical angle is restricted to the case of internal incidence.
The critical angle is given by
sin c c NL
 1
a
There is no critical angle except when a beam strikes the interface from within
the medium of higher refractive index so that N Z 1 will be Less than unity.
It was previously stated that a phase reversal occurred at normal incidence
at air-to-dielectric interfaces but not at dielectric-to-air interfaces. This
would seem to conflict with Figures 3 and 4. These figures show, for example,
that at normal incidence the P and S reflected components have opposite phases
for the air-ti-dielectric interface. At normal incidence, however, the components
are absolutely identical. This apparent paradox is resolved cy Figure 5. E-vector
direction is represented by arrows drawn one wavelength apart to indicate magnitude
and direction of the E-fiela at those points. The S wave is drawn with a phase
reversal at the interface, the P-wave with none. If the waves are now "folded"
back upon themselves at the interface, as they are when reflected from it, the
results are identical. It is readily seen that, if the P component is reversed
at the interface and the S component is not, the "folding" still has the same
effect for both waves except that now both sets of arrows point the same way.
Since incident and reflected rays are superimposed in this way at the crystal
detector of the FI ►I, there will result_ either a maximum or a minimum of the
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detector output depending upon which of the above cases applies. Thus the phase
of the detected signal is shifted 180° when the phase of the reflected wave is
reversed, and this results in a 180° shift in the FDI display pattern.
The preceding applies strictly to non-absorbing dielectrics only. For
dielectrics with significant absorption,matters are greatly complicated, but
the behavior of low-loss dielectrics will furnish an adequate basis for the
calculation; required. References 3 and 5 furnish more complete discussions.
Metals reflect much as do dielectrics. There is phase reversal on reflection at
normal incidence. The curve like Figure 3 for metals, however,does not change
discontinuously from 0° to 180° phase shift at the polarizing angle as it does
for ideal dielectrics.
In reading textbook discussions it must be noted that sign conventions are
a problem, as the reader md, , recall from elementary optics. This also applies to
phase shift diagrams. Our convention corresponds to the one given in Reference 3.
Phases are determined by E-vector direction seen looking against the propagation
direction.
The complexity associated with angles of incidence other than 0° (normal)
are peculiar to the eletromagnetic field and are not ordinarily encountered with
ultrasonic test instruments now in general use, which the FDI resembles in many
ways. Ordinarily large a_i-gles of incidence are not encountered in inspections,
but there are cases in which this could occur. The most obvious case arises
when there is a requirement to detect separations at a bond line not parallel to
the surface as in Figure 6. The two-horn probe could be used, but one would
have to calculate all the angles of reflection and refraction to see that
critical angles would not be exceeded. Since none of the reflections occur at
normal incidence, plane of polarization would enter into the calculations.
Page 67
f r ,^
S rP
C^^-
INTERFACE
FIGURE, VI-5  INTERFACE REFLECTIONS
^P
4
..r
j.
S.
FIGURE VI - 6 NONPARALLEL DEFECT
Page 68
Total reflection prisms also have some use. These may be made of plexiglas
or polystyrene as shown in Figure 7. The beam must strike the slant face at an
angle of incidence equal to or in excess of the critical angle, and the face
placed against the specimen must be perpendicular to the emerging beam unless
the refraction at that face is to be taken into account. A 45° prism will serve
if it is made of a material with a refractive index in excess of 1.4; polystyrene,
plexiglas and Teflon can all be used. A most interestirxg peculiarity of internal
reflection can be observed with this prism. The fiela'13 of microwave beam do not
stop at the slant face, but extend for some distance into the air beyond it.
These fields are not predicted by the elementary equations for reflection and
refraction at a dielectric interface. The fields present outside the prism are
nontransverse, and do not involve any net energy transport across the interfacet
They decrease rapidly and are not measurable more than a wavelength or so from
the prism. Thus at any distance from the interface one measures just what the
elementary theory predicts. This is equally true of the more familiar reflecting
prisms used in optical instruments, but difficult to observe because of the very
short distances involved. With microwaves it is readily noticed that bringing
anything within a short distance of the totally reflecting face of the prism will
destroy the totality of the reflection even though there is not actual contact
with the surface. Since the prism is useful when working in close quarters, some
caution is in order. The phenomenon results from the fact that energy is trans-
ported across the interface and back so that there is no net flow, but any dis-
turbance of the external fields leads to energy being absorbed or radiated, or
coupled into objects near the interface. The whole matter is considerably
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complicated and Stratton (Reference 5) has a more involved treatment with
references to still more involved treatments of this subject. NDT practitioners
will, therefore, probably do as well simply to expect that total internal reflec-
tion will not occur unless the back side of the reflecting surface is clear of
any obstructions for ac least a quarter wavelength. These peculiar fields are,
however, an interestin; subject for experimentation, and might well prove useful.
A convenient defect standard is shown in Figure 9. The properties of
plexiglas (Rohm & Haas Methyl Methacrylate) are satisfactorily consistent, and
the material is readily available and easy to work. Such a specimen shows the
ultimate sensitivity to deep flaws in the form of plane air gaps. Obviously
inhomogeneous material, irregular surfaces, or odd shaped flaws will have an
adverse effect, but there are many applications which are not too much more
complex. The basic formula for the reflectivity of a plane dielectric interface
is
R	 (nl 2	 Eq 6(n+ 1)
n is the relative index for the two materials. In the case of an air gap in
a single material there are two closely spaced interfaces. If the interfaces
are very far apart, the range resolution of the FDI will partly resolve them,
while if they are very close, the calculation of the reflection coefficient of
the gap as a whole becomcs complex. For a fixed frequency, Stratton (Refer-
ence 5) gives:
2R(1-COS 2wd )c
R y
	
	
Eq 7
1-2RCOS 2 wd + R2 
c
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complex. The basic formula for the reflectivity of a plane dielectric interface
is
Rn-1 2
s (n+l) Eq 6
n is the relative index for the two materials. In the case of an air gap in
a single material there are two closely spaced interfaces. If the interfaces
are very far apart, the range resolution of the FDI will partly resolve them,
while if they are very close, the calculation of the reflection coefficient of
the gap as a whole becomcs complex. For a fixed frequency, Stratton (Refer-
ence 5) gives:
2R(1-COS 2cwd)
R a 1-2RCOS 2 wd + R2
c
Eq 7
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where R is the coefficient for the gap, d is the gap width, R the coefficient
for the surface of the material iii air, C the speed of light W = 27Tf , the angular
frequency. For very small values of d this may be approximated by:
R	 8	 R	 Wd 3ffi 3 (1-R) 2 (c)3 Eq 8
Calculations based on this will not be tor, reliable for the wideband FDI,
but several ei;nificant observations can be made. First, R depends on the first
power of R, approximately, but upon the cube of d, ^;ence the gap width is more
important than the refractive index (which det,-rmines R). Second, note that R
depends upon the cube of the frequency. Thus the reflectivity is much greater
at higher frequencies, and the accuracy of calculations based on fixed frequency
equations much worse. No calculations have yet been made to rake !.nto account
the full band sweep employed in the FDI. Fixed frequency equations for the mid-
band-frequency are complicated enough, and most users will prefer the experimental
approach.
The discussion just concluded should indicate some of the things which may
have to be considered. Fortunately, the great majority of inspections will prove
rather simple, and the FDI user will manage quite well if he has a general under-
standing of what is going on.
Perhaps the most common use of the FDI is the detection of separations in
laminar structures. This is one of the simplest cases to be considered if the
parta have plane surfaces, and is not greatly complicated by radii of curvature
in excess of about 13 inches. Figure 8 shows an experimental arrangement useful
for this sort of inspection where flat specimens are involved.
Page 74
Figure 10 shows the results of the experimental approach applied to the
specimen shown in Figure 9 using the arrangement of Figure 8. The procedure
begins with th; placement of the horn over one of the larger flaws. This will
be quit easily seen. When the phase has been adjusted as in Figure 10, the
exact depth of the bond line can be determined. The phase must be set to give
a symmetric peak for the separation, either the 0° or 180° form of Figure 9,
Section I,before determining the bond depth. If the phase insensitive signal
analyzer mode is used, indications like th qt of Figure 10c will result. The
most common way of using the FDI, however, is with the basic, phase sensitive
cross-correlation detector. In this case, one must pay attention to the phase.
When the bond line depth has been determined with the phase properly set, the
analyzer is switched to the manual scan made, and the dot on the CRT is made to
trace the curve until it reaches the bond line depth. Now the instrument is
ready for the inspection. As a separation increases in thickness there are
phase changes so that with the FDI looking at one fixed depth, the indications
will increase with increasing separation thickness only until the phase shift
offsets increased reflectivity as in Figure 11, where the 0.075 in. separation
is less conspicuous than the 0.050 in. separation. It will be seen, however., that
from 0.005 in. to 0.050 in. the indication increases with separation thickness
(Figure 11). Thus one should optimize the phase for a separation thickness
expected to be common in defective parts, and can count upon reasonably good
indicar'.ons from a wide range of separation thicknesses on either side of the
one selected. Figure 12 is a plot of the amplitude of the indication as a
function of separation thickness, using the data of Figure 11. The curve is
almost linear up to separations of 50 mils. The curve will approach zero for
Page 75
IE CORRECTLY SET
NO SEPARATION
NU St:PARA I IUN
I
SEPARATION
I
B
A
C
B. PHASE INCORRECTLY SET
C ALL DISPLAYS HAVE SAME FORM REGARDLESS OF RANGE
FIGURE VI-10
PHASE SENSITIVE (A AND B) AND INSENSI'T'IVE (C) DISPLAYS
Page 76
7 -1/2"
1
12" --^
1
j	 Kll BAND MONOPHASE SCANS OF
I	 PLEXIGLAS SEPARATION STANDARD
SEPARATION	 SEPARATION
2" O N	 2" O N	 2" O N
S PEC I MEN4 S PEC I MEN 4 SPEC I MEN ,^
025 0 .030
.020'
.015	
.010
.005	 0.1 V/CM
.050
RETRACED FOR STABILITY CHECK
'	 .075
.100 	 ! 	 i .200 ^0.1 V/CM
300
.500	 0.5 V/CM
MANUAL RANGE SCAN AND PHASE SETTINGS
OPTIMUM FOR 5 MIL SEPARATION
3/4"T- T^ 	 ^l -T
FIGURE VI-1 1
Page 77
MAXIMUM INDICATION VS SEPARATION THICKNESS DATA FROM FIGURE 16
10
a
EQ 5
L
15LQ
v 20
40
25
35
30
0
0 30	 35	 40	 45	 505	 10	 15	 20	 25
Separation Thickness MILS
FIGURE VI-12
Page 78
zero separation roughly according to Eq 8, but spurious signals prevent
continuing the curve to zero. The reflection from a 5 mil separation is about
the smallest which can be recognized. In actual inspections, the limit will be
greater than 5 mils since real parts will rarely be as uniform as the test block:.
This is the basic procedure for inspection of a bond for separations. A.
useful modification can be made by adding one or more additional channels to
the analyzer. This allows one channel to be optimized for very small separations
and one for the large ones, or for setting one or more channels to slightly
different depths in case the depth of the bond varies. A three-channel analyzer
in use for inspecting the Titan ablative skirts will be described later.
In addition to making C-scans at a fixed depth, the FDI can be used to
determine the depth of refl.ectiug interfaces, and generally to measure distance.
There are two methods. One can calibrate the horizontal scale of the display
CRT and measure distance from the trace produced in the automatic depth scan
mode. The phase control is used to bring indications to the 0° form for ease
of determining the center of the indication on the CRT. When one wishes; to
follow the motion of a reflector more accurate measurement is possible by
counting cycles of the display form. This is more accurate. For fine range
measurement the phase control potentiometer can be a 10-turn precision poten-
tiometer, and can be calibrated. Figure 13 shows the results of a range
resolution test. A two-horn system was used. A one-horn probe could just as
well have been employed, in which case the zero point could have been the horn
mouth rather than 17 cm from it, since the one-horn probe is not insensitive at
close range as is the two-horn probe. Curve A was generated by moving the
reflecting target away from the horn in 1 cm steps. It can be seen that Curve B
plotted by counting cycles of phase shift gives better accuracy, although it
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cannot be used in most cases. To show the results obtained under inspection
conditions, the teat whose results are shown in Figure 14 was performed. Here
a 3/4 in. thick slab of glass epoxy was placed in front of the horns. The
reflections from the two surfaces of this slab, and their multiples tend to
spread out for some distance on the trace, making it impossible to accurately
assign a position to the target indication. As might be expected, the calibra-
tion curve is not linear in this case. This is one reason why defect specimens
and accurate models are so useful; it can be very difficult to predict just how
the trace will look when the defect is near reflecting interfaces as it usually
is.
We have now seen haw the FDI responds to separations whose area is com-
parable to the effective target area of the FDI beam. In order to show how plane
targets of various sizes are detected another experiment is useful. We replace
the plexiglas block with a styrofoam block on which metal disks of various sizes
are mounted. The styrofoam is not detectable, and the indications are entirely
due to the disks. Figure 15 is a plot of this data. The phase was set to give
optimum sensitivity for each disk size, and required slight changes between
traces. Omitting this step does not greatly change the result, though it would
if these were separations in a block rather than metal disks. The £abject here
is to show the effect of target size only. Note that the maximum indication
occurs at a diameter of about 2.5 in. The target range was 6 in., the horn
length was 7 in., its aperture 2-1/8 in. x 2-7/8 in., giving a theoretical
effective target of 1.45 x 1.96 in. for an infinite plane. The 2-7/8 in. dimen-
sion of the horn was in the scanning direction. The indicated width of the
target in the scanning direction also can be compared with the effective beam
width. Of course, any target which is detectable will be shown on the curves of
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i
Figure 15 as being at least as wide as the effective beam width, while large ones
will tie shown as having a width approximately equal to the sum of the effective
beam width and the target width. Since target range was not exactly constant
during the scans, some phase shift occurs, and this can be seen at the edge& of
the indications in Figure 15 where the curves rise before dropping to the minimum
value. Phase was set to give maximum downward deflection with the target centered
in the beam. Figure 16 shows the response as a function of target size using data
from Figure 15.
The response to spherical targets is shown in Figure 17. This set of curves
was made by embedding steel bearing balls in the styrofoam block. The response
to spheres is not very great. They act as point sources, and hence sensitivity
decreases as the square of the distance. A range of 1.5 in. was selected to give
adequate responb3. Figure 18 shows the theoretical cross section of a sphere for
a single frequency. Figure 19 shows the data from Figure 17 plotted in the same
way. This is the region of the first maximum, and agrees fairly well with the
theory for a frequency of 12.4 GHz, the starting frequency of the sweep used
for these experimento. The point in Figure 19 representing the 0.397 ball does
not fall on the curve. Since the trace for the 0.397 ball in Figure 17 does not
have the same shape as the others, it is quite likely that some instrumental
malfunction occurred.
The measurements were not made for larger spheres because none were
readily available. If this were done, one would expect the curve of Figure 8
to be reproduced in Figure 19 with considerable blurring of the oscillations,
so that the indications would more quickly become proportional to the cross
sectional area of the sphere. The important thing to be noted is that the
sphere is a very poor shape for detection under any circumstance. For example,
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at a range of 6 in., a 3/4 in. sphere will give about 1/4 the indication of a
3/4 in. disk, and matters become much worse at greater range.
These results for metallic targets show the effects of target size and
shape. Although dielectric in^erfaces have reflection coefficients of less
than 20% for most plastics, usually 5 co 10% as compared to very nearly 100%
for most metals, the relative response to defects of various sizes and shapes
should be about the same for metals and dielectrics for compact shapes.
Metallic inclusions in the form of rods, however, can act as dipoles and become
very efficient scatterers. Dipoles are resonant when their length is near
n 2, where n is an integer, for any frequency within the band. The diameter
and conductivity will modify the exact resonance somewhat. Dipoles are excited
only by the component of the E-vector parallel to their length. They absorb and
re-radiate the microwave signal in the pattern shown in Figure20. The dipole
scatter is constant with respect to th:: angle 8, and is maximum for ^ - 0 and
has a nall for i = +90°. Only the projection of the dipole in the plane of
polarization and perpendicular to the incident beam is effective as a scatterer.
N
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VII.	 INSPECTION APPLICATIONS
Titan Ablative Skirts
The Titan III liquid rocket engine ablative skirts are inspected with
the most elaborate FDI system yet: produced. This system is a good example of
the application of the FDI to a production inspection.
The skirt itself consists of an ablative liner inside a fiberglass and
honeycomb shell. The skirt: is shown in Figure 1. The ablative liner and the
inner laminate are inspected with the FDI as well as the bond between the
flange segments and the ablative liner.
The liner is made by winding preimpregnated silica or asbestos phenolic
tape around a mandrel. When the liner has been cured, it :'.s machined to shape.
The tapes make a angle of about 45° to the surface of the ^,,andrel. The most
probable defects, a rp iori, are resin-rich and resin-poor regions, and separa-
tion of the tape layers (delaminations). The ablative liner is first inspected
after machining but before application of the inner laminate and honeycomb shell.
The inner laminate is then applied, and finally the honeycomb core and 	 `
outer skin. Some of the skirt, also have aluminum flange segments installed
around the aft end. These segments are bonded to the liner and secured by a
filament wound band of glass-epoxy. There are seams and laps in the inner
laminate, and folds and wrinkles can occur as defects. The aluminum flange
segments provide attachment points for an aft closure plate, and unbond of the
flange segments is another possible defect.
All of the materials of the Titan skirt are transparent to microwaves
excepting the aluminum flange segments. The honeycomb snUl, however, is com-
posed of very thin fiberglass and cannot be inspected with microwaves. The
microwave inspection is therefore performed from the inside of the skirt.
Page 91
ALUMINUM
FLANGE SEGMEN(24 on Skirt)
Glass Rovi nc
Fiberglass C
Fiberglass Hi
E
FLANGE DETAIL OF TITAN i I I ABLATIVE NOZZLE SKIRT
AFT END
FIGURE VII-1
Page 92
TThe ablative liner is about 1/2 in. thick, and has a refractive index of
2.09. This amounts of a thickness of 3.1X for 40 GHz which is the frequency to
be used in calculating resolution. This would lead to an expectation of fairly
good direct resolution of front and back reflections from the liner. As a
result one would suspect that delaminations in the liner would be seen easily
by their reflections appearing between the front and back surface reflections.
This is not the care. The delaminations between tapes are at an angle of
40 - 45° with the surface so that with the microwave beam perpendicular to the
I
liner surface, iC will strike a U'-, lamination at an angle of incidence of 40 -
45°. the critical angle is only 30° for this material. The result of this
is shown in Figure 2.
The only means of detecting the signal reflected from the crack would
be to place a prism at "A" having a refractive index near 2.0 and so shaped
as to allow a good fit at the surface, and to allow the beam to exit from the
prism at a small angle of incidence. This is an awkward solution.
i	
Fortunately the situation does not really require the solution just
described. First, the total reflection, if it were really total would cause
the indications from the back surface to disappear. As will be seen, the back
surface is ordinarily mapped in detail. Thus, the delam ination would not
escape detection. Also, the back surface of the c'elamination will usually be
quite close to its front surface and will prevent total reflection (see
Section 4). Matters are further complicated here by the fact that a delamina-
tion is almost unheard of except as an extreme case of a resin-poor region,
i.e., an improperly impregnated layer of tape is the likely cause. This means
that the flaw will probably not have well defined edges as a crack might.
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Because of all this, the procedure actually used is simply to inspect
with the horn perpendicular to the surface. If the delamination comes to the
surface it will show up as an alteration of both front and back surface reflec-
tions and if it does not, it will alter the back sttrf ace reflection. Verifiable
delaminations in production skirts are rare indeed, and it has not been pos-
sible to study a genuine specimen of this defect.
When the completed skirt, or a liner with the inner laminate applied is
inspected, orte sees the pattern of the glass cloth overlaps, which make up the
inner laminate, as well as folds, patches, or large variations in the thickness
of the adhesive layer if such are present.
Figure 3 shows the automatic depth scans used to set up the inspection.
Figures 4a and 4b show the records of two inspections. Figure 5 shows a
facsimile of an inspection of a skirt with aluminum flange segments. One of
the segments is abnormal, and is believed to be unbonded. X-ray inspection
will reveal exactly what has happened to this flange segmenot_. Although slow
and expensive for 100% coverage, X-ray inspection provides an excellent means
to verify such results in a fairly short time when the exact location of
abnormal areas has been pinpointed by the FDI. One tangential exposure of a
normal .region and one of the abnormal region would suffice in the present case.
The mechanical components of the inspection system are shown in
Figures 6, 7 and 8. Figure 9 is a block diagram of the entire system.
The three channels have independent controls for range, depth-of-field,
and phase. They also can be switched singly from recorder to oscilloscope
readout where they are operated in the automatic depth scan mode. Thus for
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special inspections the operator can record the signals from two selected
depths, with the third channel on the oscill:scope in automatic depth scan
mode. By looking at the depth scan on the oscilloscope, the operator can see
what is happening at depths not covered by the C-scan records. Should anything
of interest be seen, the third channel may be used to record it by backing up
and se'-ting the third channel controls properly for a C-scan at the desired
depth.
The photographs show some equipment on the inspection fixture which has
not been mentioned. This is used for an acoustic impact test of the honeycomb
shell. The same drum recorders are used for this inspection.
The procedures used in developing the system design are of some interest
since they illustrate the minimum facilities for using the FDI for R&D inspec-
tion and feasibility demonstrations.
The skirts with segmented flanges provided the first opportunity to test
the FDI. Several skirts of this type were being used in tests involving the
closure plates. It was desirable to quickly examine these skirts after testing
to determine whether there had been damage in the flange area. X-ray would
have been adequate except that examining all the flanges would have required
about 48 exposures. Since only a few skirts were to be examined, no elaborate
fixtures coull be constructed.
A turntable was available (Turntables are almost indispensable in ia
Nondestructive Test Laboratory). Figure 10 shows the arrangement used. Gears
from a mechanical breadboard kit were used to drive a continuous rotation
potentiometer for the X-axis drive of the recorder. The horn was positioned
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a^
by hand for each revolution. Since only about three revolutions were needed,
the inspection only required about 30 min altogether, and could readily be per-
formed on short notice before and after tests of the skirt.
Figure 11 is a detail of the horn mounting. This A-arm suspension is
extremely useful and can be adapted to many experimental situations. In place
of wheels, a layer of tef lon tape over the edges of the horn will often allow
smooth motion with the horn in contact with the surface, although 1/4 in. shaft
ball-bearings were used as wheels here. The weight of the A-arm maintains
contact.
Figure 12 shows the record obtained. The baseline is the strong reflec-
tion from the inner surface of the flange segment and the negative spikes are
the gaps between segments. Note that some of the segments show a shoulder on
the spikes, which feature appeared after completion of closure testing. The
tentative interpretation was that the skirt had had several flange segments
unbonded ;n the test, and that the shoulders on the spikes represented cracks
in the resin between segments, propagating from the edge of the aluminum.
They should have a lower reflection coefficient than the aluminum. The indi-
cations of the flange segments themselves are too irregular to allow the
recognition of the slight change in reflection caused by an unbond, but it was
assumed that when the crack showed up, all or most of the flange was unbonded.
Figures 13 and 14 are contact prints of radiographs of flange segments
identified as normal and unbonded by the FDI. They clearly confirm the afore-
mentioned interpretation. Note that the waveguide system used (Figure 10) is
of the most primitive sort. Compare Figure 12 with Figure 5. Both show a
similar region of a flanged skirt and demonstrate the improvement obtained by
tho refined design of the production inspection system.
t
7
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Since the detection of unbcnded flange segments was successful, an
attempt was then made to detect flaws in the liner and inner laminate. For
this purpose sections and artificial defects were introduced into 18 in. square
specimens representative of ablative skirt constructions.
The fixture of Figure it was used to inspect these specimens. Figure 15
shows a detail of the specimen, and an inspection re::ord. The scanning motion
was provided by the table of a vertical milling machine, t?^e specimen was
placed ova a table nearby. The horn carriage with its twowheels maintains the
proper horn angle provided it is free to rotate on the depth Mod, and the
weight of the arm maintains contact. A good scanning motion of this type is
essential for optimum resolution.
X
a
	
Filament-Wound Case Rocket Motor
Polaris
Hand probing can also be used to advantage provided the defects are not
too subtle. An interesting example of this technique is provided by an experi-
9
ment designed to evaluate the feasibility of examining Polaris A3 1st Stage
rocket motor cases for insulation-propell.unt separations. This motor has a
glass-epoxy case and rubber insulation, both of which are transparent to
microwaves. The refractive .indices have not been measured for the rubber or
propellant, but that of the glass-epoxy is 2.19, and that of the propellant
well in excess of 2.0, and the rubber is probably intermediate. In any case,
they differ enough so that all of the well bonded interfaces give identifiable
4	 rellectious which would be expected to change with a separation.
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The specimen was prepared by casting a thin laye^: of the propellant into
a cylindrical section 36 in. long cut from a scrapped chamber; (The propellant
is rather opaque so that little was required to simulate the full grain).
Metal shims were secured to the insulation with wax before casting and
removed after cure to produce separations of nominal thickness from 0.002 in.
to 0.025 in.
A K-band (18-26.5 GHz) hand probe was used. The operator carried the
BWO on a shoulder strap and the probe was connected to it by 24 in. of flex-
ible guide. The signal analyzer was set to manual scan and the depth set to
the point identified as the insulation-propellant interface. Readout was by
means of a galvanometer. Data was taken point-by-point, with the probe sta-
tionary. Twenty randomly selected points outside the known defects were
inspected; the readings varied from 17 to 28 Galvanometer divisions. The
average was 22.4 divisions, the standard deviation, as was 1.7. Thus the
2a limits (95% confidence level) for a good region are 1 and 25.8 divisions.
Any point which yields a reading outside this range is counted as defective.
The results are shown in Table I.
TABLE I
002 Sep 008 Sep 015 Sep 020 Sep 025 Sep
19 21 -2* -7* -10*
18* 4* 5* ll* 9*
12* -5* 1* -2* 0*
5* 18* 0* 2* -4*
19 17* 2* 11* 6*
*Indicates a point called defective
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As many points were taken on each separation as space permitted. The
_w
separated areas which tested good were near the center of the separations.
Some tendency of the separations to close up had been noted before th4 test,
and subsequent probing with shims confirmed this.
It can be seen that this is quite a good method for detecting separa-
tions. Tangential radiography is now used, and gives good results, but is
expensive and slow. It is, of course, capable o,l. showing more detail than the
FDI inspection. One of the best uses of the FDI would be to act as screening
for a radiographic facility in such inspections. Tangential radiography of a
cylindrical shell gives great detail in the cross section but infinitesimal
area coverage. The FDI gives 100% area coverage but is limited in detailing
the cross section. Hence the optimum procedure for the rocket motor in
question would be to map suspect areas with the FDI, and then make a few
tangential radiographs to verify the condition of suspect areas. The FDI 	 r
would, for example, have some difficulty distinguishing between an insulation 	 ..
delamination and an insulation-propellant separation, but could avoid using
expensive and time consuming radiographs to verify that vast regions of the 	 r;
motor are good. Another advantage is that the hand probing or automatic
scan methods can accurately map a previously known defect to determine if it
has grown. This is a common problem in solid rocket motors where propellant-
insulation separations sometimes propagate. It requires a very large number
of cross-sectional views to accurately map an area. The use of the FDI to
improve the efficiency or augment existing techniques should not be overlooked;
it may prove more useful than outright replacement of older methods.
i
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APPENDIX A
AN ANALYSIS OF THE FM
MICROWAVE INTERFEROMETER
SIGNAL ANALYZER
I	 General Discussion
The FM Microwave Interferometer is used for locating and resolving
discontinuities in dielectrics. In its application to nondestructive testing
(NDT) it is used much the same way as pulse-echo ultrasonics is used. The
purpose of this paper is to describe its principle of operation.
It is natural for NDT practitioners whose attention is drawn to micro-
waves to consider the possibility of ranging defects with a pulse-echo device.
What is needed, it would appear, is an ultra-high resolution radar. The radar
beam would be directed into the dielectri., being inspected. Any discontinuities
would reflect back a portion of the pulse, and the time of arrival of the
reflected pulse could be used to locate the defect. To get high resolution, it
would be necessary to produce a pulse as short in duration as possible.
There ar* bath practical and theoretical difficulties in building such
a system. s ^:;r^,,e
 general analysis of the problem shows that a large microwaveY	 g	 Y	 P	 8
bandwidth is all that is required for high resolution. 	 A convenient way to
get this is to linearly sweep the microwave transmitter frequency shown in
Figure 1. The microwave signal travels down the waveguide and is reflected
from discontinuities in front of the horn.	 The crystal detector then sees two
signals, the transmitted signal and the reflected signal.
The detector output contains the sum and difference frequencies. Since
the sweep is linear, the difference fre-ency is a constant as shown in Figure
2. A mathematical analysis in Section II shows the detected signal for a
single reflector to be:
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Sd(t) 2	 t)cos (wo - WV OT 	 o < t < T
Sd(t)
=°
	
T < t < T r
A = the amplitude
w  = 2wf0 O-P 
starting microwave angular frequency
W -w1
w' _ °T	the microwave sweep rate
T = the time of travel of the microwave signal from the
detector to reflector and back to the detector
t = time
T - sweep &,rat' on
Tr
 - eweep repetition period
As can be seen the frequency (w'T) is proportional to T, hence
distance. Furthermore, the phase (w o T) is proportional to distance.
It would appear that several reflectors in the beam could be resolved
by frequency analyzing the signal. A natural device for doing this is a
spectrum analyzer. The power spectrum of the signal. from one reflector is
derived in Section II:
sin 2	
7rm _. w' T T
	
1	 Tr	 2
P s (m) =	
2	 22T	 mn w' T
	r 	
T	
2
r
_
where P2 
-nn
s (m) = pow r at frequency T
r
m = an integer
Note that the phase information in the received signal is lost, i.e.,
there is no wo T term. Furthermore, the spectrum is a line spectrum. For
example, if Tr were 0.001 sec, there would be power only at harmonics of one
Kilohertz. Finally note that the power spectrum is always positive.
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The FM Microwave Interferometer does not take the power spectrum. A
cross-correlation detector is used. Its output derived in Section II:
sin [(w - w' T) T + w0T] - sin w 0 TC(W) -
	 W - W'
where C(w) - cross-correlation detector output
w - 2 Trf - angular frequency
Note that the phase information (w 0 T) is retained. The signal may be
either positive or negative. Further note that the frequency term occurs as
W T
w o T in this transform, not -4 as in the power spectrum. Hence, .:'nc: transform
method yields twice the resolution.
The significance of these observations is shown in Figure 3. Suppose
the microwave transmitter is operating in K band, i.e., sweeping from 26.5 GHz
to 18 GHz. Suppose that the duty cycle is 50%, i.e., T - 0.5T r . Suppose
further that a reflector is placed in the beam at such a point that it produces
a beat frequency (w'T) which is an exact multiple of the repetition frequency
(w'T - ^nm - 21r mf r where m is an integer). Then the display of this signal on
Tr
a high resolution spectrum analyzer is shown in Figure 3a. For convenience
the horizontal axis is shown in distance rather than frequency or delay time.
The spectral envelope is dotted in and goes to zero at 18 mm.
A display of the correlation detector output for the same signal is
shown in 3b. In this case the phase is zero (w o T is a multiple of 27r). Note
this display is a smooth curve and goes to zero in 9 mm.
Now suppose the reflector moves a distance that causes the phase to
shift 2 radians.
w 6 T . 21Tf 26D -0	 o C
	
2
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This corresponds to a distance of
8D - _C	 3 x 1010	 X 0.14 cm - 1.4 mm	 m
8f 
	
8(26.5 x 109)
where 6T - the change in delay time
dD - the distance moved
C - velocity of light
w
f  -	 - microwave starting frequency
The display of the spectrum analyzer and correlation detector are shown
in Figures 3c and 3d, respectively. Note that the position of the lines in
the spectrum do not move - only the position of the envelope. The only iodics-
tion of the change in position of the reflector is the slightly unsymmetrical
sideband structure.
In sharp contract the change in the correlation detector output is
most conspicuous. Initially the curve had a shape like:
-sinx
Y	 x
The new curve has a
- cos x - 1
Y	
x	 A
shape. This curve crosses zero at the 1.4 mm mark. ,A further 1.4 mm movement
of the reflector has a relatively minor effect on the spectrum analyzer output
but changes the correlation detector output to a curve like:
y = _ sin x shown in Figures 3e and 3f.
x
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The negative peak on this curve occurs at 2.8 mm. Further increments of
1.4 mm changes the correlation detector output to a curve like:
- Cos x -1
Y x
them back to
sin xy in	 —
x
This distance (5..6 mm) corresponds to 2n radians.
Some experimental results in Ku band (12.4 to 18 GHz) are shown in
Figure 4. Figure 4a shows the front (at 2.7 cm) and back (7.0 cm) reflection
from a 2-in.-Chick block of plexiglas. Note that the front reflector is in
phase and the back approximately 180° out of phase. Figure 4b shows a single
stationary reflector with the phase control rotated by 90° increments.
Figure Ac shows the reflection from a reflector moved in 2.7 mm increments.
Note the final position is displaced 0.5 cm on the display. This represents
a distance of 1.08 cm displacement.
In practice an operator can easily see a 30" shift corresponding to a
0.46 mm distance in air. In a dielectric the resolution is better because the
velocity of light (or microwaves) is c/n where n is the index of refraction.
For most dielectrics n is about 1.5 to 2.
If the microwave horn were scanning a laminar struvture for delamina-
tions, the position of she delamination could be determined tc better than
0.5 mm in K band. Higher microwave frequencies would result in stil.: higher
resolution.
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II	 Deviation of Equations
Suppose the transmitted microwave signal is
S t(t) - sin [(wo - w't)t]	 o < t < T
S t(t) - 0	 T < t < Tr
The received signal is then
Sr(t) - sin [(w0 - w' (t + T)) (t + 01	 o <t <T
Where:	 w0 - starting microwave frequency
wo wl
w' -	 T	 sweep rate
w  - final microwave frequency
T - sweep period
Tr - sweep repetition period
t - time
T - delay time
The component of the detected signal containing the difference frequency
is then
S 
	 - A sin [(w0 w't) t] sin [wo 	 W, (t + T) ] (t + T)
Assume T << t. Then
S  - A sirs !w0 WOO  s in (w0 w't)t + (w0 - w't)T
= A sin [(w0	 w' t) t ] sin (w0	 w't)t cos(w0 - W't)T
+ Cos (w0 - w't)t sin NO - w't)T]
2 [1 - cos[2(w0 - w't) t] cos[(w0 - w't)T]
+ sin [2(wo - WOO sin (w0 - w't)T]
2 cos[(w0 - w't)T] - cos[(w0 - w't)(2t + T)]
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The second term contains microwave frequencies only and is filtered.
Thus
S d - 2 Cos [NO 	 t) T I
The power spectr,o is determined by first expanding S  in a Fourier
series: (set .A/2 - 1 for convenience)
ao
S  = cos [ (% - w't) T j -	 I am cos 2v m f r t + b  sin 271 m f r t
moo
Where:
T
am - T	
r S d (t) cos 22rmt- d 
r o	 r
T
- T f cr^s (wo - w' t) T cos 2T dt
r o	 r
T
2Tf 	 cos(wo - w't)T + 
2Tmt 3 
+ cos((wo - w't)T - 2--f- Idt
r o	 r	 r
T
	sin (2Tm - w'T)t + woT 	 sin [(Lr—m + W T)t + woT
I	 r	 +	 r
2T 	 2 iTm- w'T
	
2Tm + w'T
r	 r	 o
In the region of interet;':, that is where 27rm/T r mrw'T, the second term will be
much smaller than the first and ckM be ignored. Hence
sin ( 2Tm - w'T ) T + w  T if - sin woT
a	 I	
r	 J
m	 2T	 27rmr 	
_ w TTr
Similarly b  can be computed:
cos( 2Tm - w' T) t + w T -- cos w T1	 r	 a	 o
b  - 2Tr	 2Trm _ w' T ______,
T
r
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The expansion for the power spectrum then becomes
Cm2
 = am + bm2
2 2nm1 '2 2 - 2 sin w^T sin 
2Tm - W'T T + w0T	 M
4T 	 T - W
I T
	
..	 r
r
r
2 cos woT cos 2 ,1m - w'T T + woT
l	 r
=	 1	 - 2 cos 21rm _ WIT T
4T 2 Iim - w' T 
5
	 Tr
r	 T
r
sin 2  Trm - W' T T
1	 _ T	 2r 
2T 2	 1rm	 w' T 2
r	 T - 2
r
The signal processing computer produces an output defined by
T
C(W) = f S d (t) a (t,w)dt
0
Where:
e(t,w) = 1 when n < t < 2n+1 and o < t < Tf — —2f
e(t,w) = o otherwise	 r
Where: n-1,2,..., [1 4- fT]
W	 27Tf = local generator frequency
T
C(W) = f S d (t) e(t,w) dt
o
I
[ 1 + f T] 2 n+l
=	 c	 p 2f sin (wo - w't)T dt	 wG	 J	 t
n=o	 nf
a
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2n+1
(1 + fT] cos(wo - W I O T	 2f
w' T
nwo
n
f
1 (1 c fT]cos[ 
T - 
w'(2n+1)T - COS [W T - w'nt
= w'T 
n=o
	
0	 2f	 o	 f 
Use the following four identities:
(1) ww T (2n+1) Tr = ( 2n+1) Tr + W ' T - 1 ( 2n+1) 7r
(2) cos[X + (2n+1)-] = - cos X
(3) wWT 2n7r =_ 2n Tr + wwT - 1 2nTr
(4) cos(X + 2n7) = cos X
to get
[1 + fT]
	
C(w)	 w1 T	 I	 ( cos [woT - wwT - 1 (2n+1)7r]
n=o L
1
- cos [woT - I W
w 
	 1 2nr ]
J
Now consider the region where w ac W
I
T that is the computer generated frequency
is approximately the signal frequency. Then the term
WIT - 1 << 1
w
and the summation can be approximated by an integral
	
fT	 ,
	
(w)	 1 	f	 -c os [w T	 W I T -1 ( 2n+1) Tr ]
W T 
o	
o	 w
- cos [woT - wWT - 1 2n7r ] f1 do
t
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-1	 sin - Xi - 1 (2fT + 1) n + W T - sin - 
wwT - 1 n + woT
w' T
	
-27r w I T - 1
w
sin - wT - 1 2nfT + W T - sin woT 	 -
-2;r (W T -
w
Further consider the ease whet6 fT » 1. That is where the time interval
[o, T] contains many cycles,. Then the first and third terms are approximately
equal as are the second and fourth. Thus
1	 sin [(w - w'T)T + w0T] - sin w 0 T
C(w)	 2w' w	 w - w 
^. r
r
.g
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Technical References
	
1.	 A listing of available waveguide components frith brief
descriptions can be found in catalogs of manufacturers
such as.
a. Waveline Inc. Passiac Ave, Caldwell, N.J.
b. DeMornay-Bonardi 1313 N. Lincoln Ave, Pasadena, Calif.
C, Narda Microwave Corp., Plainview, Long Island, N.Y.
	
2.	 The Sweep Generators used in the instruments described here are
manufactured by:
E. H. Laboratories 163 Adeline, Oakland, Calif.
	
3.	 Backward Wave Oscillators and data concerning them can be
obtained from
Varian Palo Alto Tube Div., 611 Hansen Way, Palo Alto, Calif.
	
4.	 Ferrite Isolators used are manufactured by:
a. E-M Laboratories, 749 Greenbush Ave., N. Hollywood, Calif.
b. Airtron, 200 E. Hanover Ave., Morris.Plains, N.J.
